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Foreword 


The requirements for the atmospheric transmission model to Benne in 
the HIDE computer program are that it be fast and accurate. 

The HIDE computer program’ is intended to predict the infrared signature 
of suppressed aircraft. ' Suppressed ,as used here, implies masking of all hot 
metal, diluting the exhaust plume gasses and reducing body contrast with the 
background. 

Thus it is not sufficient to simply concentrate on the 2-5 micron window 
regions for the normally predominent tail pipe continuum radiation or the 4 
micron region for the selective plume radiation as seen over short to inter- 
mediate paths (less than 3 miles). /Attention must be applied to the entire 
spectrum of interest, 1 fe 16 microns) and over long paths (such as 40 air 
masses for a line of sight tangent to the horizon). This is because the 
signatures of self emitting sources are influenced by the relatively short 
intervening paths and generally dominate some spectral interval. The body 
contrast signature, however, is comprised from remote sources (ieee sun, sky, 
albedo, etc.) which are transversing long atmospheric paths to illuminate 
the target and this signal is contrasted against a remote background (i.e. 
horizon, terrain, clouds, etc.) whose radiance has also been operated on by 
long path constituents. 

The transmission model is the basic ingredient to predicting atmospheric 
emission, transmission and solar scattering all of which are important to 
determining body contrast. Hence it must be accurate over both the long and 
short paths. 
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Currently the HIDE program is used to determine the 3-D profile of air- 
craft signatures and detection ranges. These exercises incur numerous ittera— 
tions in target aspect and range. Thus machine time becomes an important 
factor in cost. Eventually, it is expected that the HIDE program will be 
used in a closed loop simulation to evaluate miss distancee This would mean 
near real time operation where machine time becomes a major factor. Since 
the transmission model is used repeatedly in a given signature prediction 
(iee. solar transmission and scattering, clear and cloudy sky emission as a 
function of zenith, line of sight path attenuation, etc.), it is essential 
that it be a fast machine algorithm. 

The requirements for speed and accuracy in making computer predictions 
on suppressed signatures were studied in depth in the Fleet Signature Study 
conducted for the Naval Research Laboratory contract NOnr 4991(00)(X) over 
the period of 1965 to 1969. The outcome of this study was a transmission 


algorithm of the form 


= EXP nelGa 


where: ‘T = Transmission 
S = Species of absorber 
\ = Wavelength 
™ = Absorption coefficient 
GQ = Quantity of absorber 
YX = Absorption exponent 


This function is fast, machine wise, because ther is only one power opera- 
tion (B) compared to the multiple roots, squares, exponential and trigometric 


operations encountered in most band models. It also provides an exceptionally 
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good fit over a wide range of absorber quantities. This has also been demon—- 


strated by Green and Griggs ("Infrared Transmission Through the Atmosphere" 
IRIS proceedings). 

The coefficient,@&, and exponent, B, are obtained by least mean square 
fits to transmission datas Thus the function may be fitted to either mea— 
sured or computed data or both. Hence it is versatile in adapting to the 
best data source at any given wavelength over any defined averaging interval. 

In the Fleet Signature work, the function was fitted to the extensive 
band model predictions of Wyatt, Plass and Stull for CO, and H,0 and to 
measurements of Yates and Taylor for H,0 beyond 10 microns where the Wyatt 
etal. H0 data stopped. 

The resulting predictions, although relatively coarse spectrally, being 
approximately 50 en provided good agreements with transmission measure-— 
ments by Yates and Taylor and Street over long paths and atmospheric emission 
measurements by Mooler at large zenith angles. The results of the Fleet 
Signature Work are reported in "Fleet Signature Model" reported in IRIS pro- 
ceeding May 1969. 

The transmission model was carried over in total and incorporated in the 
HIDE model. This was of great economical benefit to the HIDE program develop- 
ment e 

However, it became apparent in the ensuing HIDE development that the 
resolution 50 em was too coarse to reproduce the selective plume structure 
accurately. Thus to remedy this, the work reported on in this volume was 
initiated to improve the resolution to 5 ons 

The exercise was strickly mechanical in that the transmission function 


and curve fit routine were previously developed and validated in the Fleet 
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Signature Study and merely reapplied to the finer resolution data of Wyatt, 


Plass and Stull. However, this does not mean it was not an arduous task. In 
fact, the tedium of resurrecting, key punching and proofing 50,000 data values 
proved to be horrendous. 

The results of this improved resolution model are reported in latter 
sections of this volume. In general, the curve fits to the Wyatt etal. data 
exhibit an accuracy of less than one percent in most cases. Comparisons are 
made with all of the available measurements by General Dynamics and Yates 
and Taylor. For the most part, the spectral structure fits are very good and 
the magnitudes are on the order of 20% accuracy. This is well within the 
degree of uncertainty with which the composition of the measured path is 
knowne 

However, there are some obvious deficiencies in selected regions such 
as the slope of the 4.3 micron co, band head and the 5 micron H,0 region. 
Since the functional fit to the data is good in these cases, the discrepancies 
have to be attributed to the data base or the measured path attributes. 

If the functional fit had been bad, then the algorithm would be ques— 
tionable as a viable transmission model representation. But if the data 
base is bad, then it is a simple matter to upgrade the data base. 

Upgrading the data base is simple in principle, but is in fact, an ar- 
duous task when 5 en resolution is involved. Thus it would not be attempted 


on a grand scale without the greatest confidence that the new data base was 


in fact better than the old. 
Since the evolution of the implementation of this algorithm from the 
Fleet Signature Study through the current HIDE development, much work has 


been done by others in developing and discrediting transmission models and 
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measurementse The most publicized of these is the Cambridge Model and a 


movement is under way to make this the standard transmission model to be used 
in all radiometric calculations, whatever the form. 

This movement is motivated by a desire to standardize transmission models 
to have a common denominator to compare system performance against. Also, 
because of the official endorsement of the Cambridge model, it is assumed 
that it is the most accurate. 

These are noble reasons but not necessarily germane to HIDE. The HIDE 
program is not concerned with relative performance of different systems as 
much as the absolute performance of specific systems. The transmision model 
used must be real world accurate and not just academically accurate. 

It is no big deal to incorporate the Cambridge or any other model into 
the HIDE program either in total or via the curve fit function. But it does 
take time and cost money to implement, and the question unanswered is whether 
or not it will result in more accurate predictions and if so, will the in- 
creased accuracy justify the impact on machine requirements for storage and 
running time as well as the time delay before exercising the HIDE model to 
meet current Army needs. 

These decisions cannot be made without an in depth validation and com- 
parison of the Cambridge model with the existing HIDE model. This by itself 
takes time and money to perform. 

Thus until a valid case is made and funds provided, the HIDE model will 
use the previously developed and proven Fleet Signature transmission algorithm 
with the Wyatt etal. data base which will be periodically upgraded at selected 


intervals where better agreement can be achieved. 
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The work described here shows the degree to which this model fits many 


measurement data sets. It would be desirable to see comparisons this exten- 


sive made with other model candidates. If the Cambridge model is as good as 
its endorsements, then it would be in the Army's best interest to perform 


such comparisons with it. 
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1.0 Introduction 

This report describes the high resolution atmospheric transmission 
and exhaust gas emission models to be incorporated into the HIDE 
(Helicopter Infrared Detection Estimate) computer model. 

The HIDE computer model was developed for the Army Aviation System 
Command, AMCPM-AEWSPS under the technical direction of Steve Smith and is 
described in a final report titled "Evaluation of IR Countermeasures, 
Phase II - HIDE Model", dated Feb. 28, 1973. 

The work reported here in represents an addendum to the original 
model where in the spectral resolution has been increased from 50 to 5 
cm}, This was necessary to obtain a more accurate prediction of the 
exhaust plume spectral signature. 

Section 2 describes the empirical equation used to curve fit trans- 
mission data and analyzes the goodness of fit to measured data. This 
equation is 

T= EXP (1Q") 
where Q is the quantity of absorber and the coefficient A and exponent B 
are empirically derived for each wavelength from 1 to 16 microns. The 
form of the transmission equation allows one to fit either measured data 
or band model predicted data over a wide range of absorber quantities 
Thus it provides a fast machine algorithm with an accuracy commensurate 
with the accuracy with which Q can be defined. The data used for the fits 
here were from the extensive band model predictions of Wyatt, Plass and Stull. 
Section 3 describes the hot gas emission models now used in HIDE. 
In this instance the band models defined by the data source were used. 


The 4.3 micron CO, is attributed to Jackson and the entire HO and 
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The appendices contain the original input data, the derived 
coefficients used in the model and comparisons of predictions with 
measurements, 

The exhaust gas prediction-measurement comparisons have been 
restricted here merely to illustrate the structural fit in order to keep 
this report unclassified. More detail on the plume spectral fits will be 
found in a separate unclassified report, titled "Frror and Sensitivity 


Analvsis" (u/c), data item 0008 of this contract. 

Due to time and funding limitations, the water vapor coefficients 
beyond 10 microns were not included. This is because the Wyatt, 

Plass and Stull HO data did not go beyong 10 microns. However, the 
coefficients may be derived from the measurements of Yates and Taylor 
using the same empirical fit technique. This was done on the original 
HIDE model and those coefficients are currently used with this high 
resolution version beyond 10 microns except possessing a 50 ent 
resolution. However, all of the available Yates and Taylor data is in- 
cluded in this report as is the reduction technique, hence the high 
resolution coefficients for water vapor beyong 10 microns may be readily 
derived. 

An additional point to note is that an extensive computer optimization 
process was applied to the Yates and Taylor data (some 9 paths) in an 
attempt to relate attenuation due to scattering to wavelength, visual range 
and mixing ratio, The result was that an optimum fit could be obtained 


for each path but no universal optimum relation could be obtained for 


all paths that was any better than the original HIDE scattering function. 
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2.152 x PATH LENGTH 


= EXP TSuaL RANGE x WAVE LENGTH 


7 eat 


The significance of this is that visual range in itself is not a 
sufficient descriptor of the particle size or distribution in the path and 
consequently is responsible for the major prediction errors over long 


paths at long wave lengths. 
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2.0 Transmission Model 
The transmission model used in the increased resolution task is 
basically the same as that used in earlier versions of "Hide" only additional 
data has been incorporated, The resolution of the new model is between 5 
and 10 ear for the major gasses CO, & H,0 which compares with earlier 
versions whose transmissions were reported at 105 en te 30 on, 
This data is used in a particular function described in the following 
sections to form a transmission over a given path for each gas. The 
product of these functions is defined as the atmospheric transmission 
iE = tyxt, vet 
which in essence is the fractional part of radiation transmitted through 
the quantities of gas 
dys Sy 0 4, 
found in the path, These gas quantities are dependent upon range, relative 
humidity, altitude and temperature. The algorithms for obtaining them 
will not be given in this report as they may be found in 
Evaluation of IR Countermeasures 
Interim Technical Report 
(Model Methodology) 
June 26, 1972 
The gasses used to form the atmosphere for IR purposes ae: CO, 5H49,0, » 
NO. That these are indeed the major contributions can be seen from fig. (1) 


which shows a low resolution solar spectrum and the gasses which form it. 


The additional gasses shown here have little effect for two reasons 
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Figure 1. Atmospheric Makeup 
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1) Path lengths which will be considered by "Hide" are much shorter 
than tnose for a solar spectrum measurement and hence the actual 
absorption is much smaller than shown in fig Cs)r. 

2) The absorption bands of those gasses not included fall for the 
most part within other absorption bands and therefore their 
effect cannot be seen, 
2.1 Transmission Equations and Data 
The transmission data for water vapor and carbon dioxide was obtained 
from a report by Wyatt, Plass and Stull under contract No. AF O4 (695)-96 
for the Air Force Cambridge Research Laboratories in Bedford, Massachusetts. 
The reproduction work done on this report was of extremely poor quality as 
shown in Appendix A, and required a considerable amount of man hours to 
extract the required data. As can be seen the transmission is listed as 
a function of wavenumber and quantity of absorber. The resolution as 
depicted here was averaged over 5 on but recorded at 2.5 ie and 
therefore, the original data was reduced according to an algorithm shown in 
fig (2). A third order collocation polynomial was used where indicated 
to interpolate beyond the given accuracy, as in the range 3400 em > to 
3800 em? for H,O. A complete listing of the reduced data is shown in 


2 
Appendix B. 
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Figure 2. Data Extraction Algorithm 
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In the next section a method will be developed to reduce this data 
even further to an equation of the form 
T = EXP (-aQ’) 
where: 
A, B are constants found in Appendix B 
Q = quantity of absorber 
This equation is the "Hide" version of transmission for water vapor 
and carbon dioxide as originally described by Wyatt,Plass and Stull. It 
is considered superior for mathematical programming purposes as it is fairly 
easy to evaluate for any quantity of absorber and requires storing only 
two numbers A & B for each wavelength. The accuracy of this approximation 
is discussed in section 2.4. The transmission for 03 and NAO is given by 
T = EXP (cng?) 
where y = quantity of absorber in path. 
This is the same equation used in previous versions of "HIDE", The "A" 
coefficients are reproduced for completeness in Appendix A. These numbers 
are interpolated down to 5 owt for the range 900 - 3800 cut and to 


10 cmt 


for the range 3800 - 9000 cut using a 3rd order collocation 
polynomial. The transmission due to scattering is of the form 
T = EXP («a \7~¥) 


and is described more fully in Section 2.5. 
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To interpolate the data in Appendix B between quantities of absorber 
a curve fit had to be obtained to a proper function. The function which 
was used and found to be quite satisfactory was of the form: 

T= ExP(-RAQ ) 

where A & B are constants dependent on wavelength and q is the quantity 
of absorber. 


To obtain A & B the criteria used was to minimize : 


52 z. Lw (7 /M:) Dey, for each wavenumber , 


where: 


MS = the measured transmission of W.P.S. Appendix B 


-B 
Ti = Exe(-Aq ) 
This has the tendency to attach equal weights to both small and large 
numbers as we are actually minimizing a ratio of two numbers rather than 
the absolute difference as in a least squares routine. Other functions 


of this ratio of course could have been used such as: 


S2E (1-T% mi)” 


or 2 etc. each one of which would have produced 
S= |~& (1e/m) 


a slightly different curve fit. More investigation into this area 
probably should be undertaken, as it is 2.2.1 is fairly easily solved 


for A & B. Upon expansion 


a FB 
$=5(A 9, +Lw(M)) 
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setting the derivative to zero we have: 


a -8 
se =f (Aq. + Lwin) q. 70 


-8 
A= —2 2; Lw (M;) 2.2.2 
zy” 


The derivative with respect to B could now be taken, however, this 
f ’ ’ 


or 


A 


leaves us with a transcendentel equation, and it was decided that a 
more direct approach was advisable. Thus B was varied ina direct search 
technique, A was then evaluated from 2.2.2 until a minimum value of S 
was found. A program was written incorporating this technique and exercised 
on the entire spectrum of W.P.S. data. In addition this routine sorted 
the data according to fig. (2) and produced a listing and mag tape file 
in a "HIDE" compatable format. The resultant listing is shown in 
Appendix B. with the A's and B's shown under their respective column 
headings. 
2.3 Error Measure 

The error measure discussed in section 2.2 being non linear has a 
certain tendency to minimize the ratios of transmission to measured values 
in a slightly abnormal fashion. That is as the ratio tends toward zero 
the error blows up much more rapidly than when the ratio becomes larger 
due to the nature of the natural log. This produces a slight tendency 
to overestimate the transmission. This effect is so minimal however, as 
the ratios oscillate about 1, that it takes extremely close observation 
to notice. On the more positive side this calculation was found to be 
extremely sensitive to keypunch errors, i.e. large deviation from the 


exponential curve, Keypunching although just tedious for most jobs 
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presented major difficulties in creating this transmission model. The 
zerox copies from which the data was cut were almost illegible in certain 
bands; caused in part by the magnification required to make the print 
large enough to read and partly to blurs in the originals shown in 
Appendix A. It was decided because of this that the normal validation 
usually done by the keypunch girl should not even be performed as many 
interpretations could be made of the same data point. Several other 
methods, therefore, had to be employed to remove keypunch and other 
interpretation errors. One device used was to check the values of 
transmission with increasing absorber quantity, for this function must 
be monotonically decreasing. ‘his alone uncovered a tremendous amount of 
errors, however, it was found that an equally sensitive criteria was to 
observe values of the error function 5. Wherever this was found to be 
large inevitably a keypunch mistake was also uncovered. In some cases 
this amounted to an error in the third significant digit. Thus, although, 
it was unexpected the choice of this log function curve fit proved 
to be very helpful in debugging the W.P.S. data. 
2.4 Comparison of Wyatt Plass and Stull with A & B Curve Fits 

Fig. (3) shows the results of an exercise to compare some actual data 
to its respective A, B exponential curve fit. An attempt was made to list 
a wide range of error values so that a goodness of fit could be determined 
for any of the curve fits in Appendix B. In this figure the error 
entered under each actual or measured value is the absolute relative error 
whereas the error in the last column is the log function described in 


section 2.2. 
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2.5 Scatter Function 
The scattering function for real atmospheres as given in the Hand- 


book of military infrared technology is of the form: 


-o 
T= ExP (-* x ) nN = wavelength 
where OQ _ and oO are functions of concentration and size of the 
scattering particles. These particles could be haze, smog, clouds or 
water vapor normally found in the atmosphere, The exact dependence is 
unknown although it is generally recognized that ~ = 4 for very small 
particles, oS = 2 for a particle diameter equal to » »,o=l1 fora 
particle diameter equal to Y » , and & = O when the diameter is equal 
to 2 XA. Since these particle diameters generally are distributed in 
the infrared region it is not possible to state a scattering function 
applicable to a wide variety of conditions. It was found that for the 
Yates and Taylor data used to validate this atmospheric model that roe 
varied from about .4 to 1.6 with an average value of about 1.0. This is 
somewhat lower than the sometimes quoted value of 1.3 but the large 
spread in ambient weather conditions in the Yates and Taylor data could 
explain this. The value of ae used in the current version of "HIDE" 
is this average of 1. The value of QQ used was? 
= 3.21/VISR 
where VISR = visual range in kilometers. 
Fig. 4 is a representative plot of a more complete validation exercise 
found in Appendix D. It is included here as a quick reference to point 
out the difference between the optimum scattering function derived 


in Appendix J and the general scattering functions described above. The 
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Fig. 4 Optimum and General Scattering for Yates & Taylor 
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"Hide" model is plotted over top of the validation data (Yates and Taylor) 
in both cases. It can be seen that there is a definite difference in the 
two scattering functions and hence that there is an inherent error in 
the "Hide" transmission model which cannot be corrected at this time as 
scattering particle distributions are in general never given or unknown. 
It is felt, however, that the use of § = 1 which may be considered as 
a typical atmosphere will yield minimal errors, 
2.6 G.D. Comparisons 

In this section the results of an atmospheric model validation study 
will be presented. The data that was used was recorded from real atmosphere 
observations by General Dynamics and presented in a report for the 
Army. It consisted of short ranges from 280 ft. to 6000 ft. under varying 
meterological conditions of relative humidity and temperature. The Hide 
model was used in conjunction with a special plotter program to generate 
curves of the same spectrum with identical atmospheric parameters. These 
graphs were run off with small "x's" every .3 inches and were overlayed 
on top of G.D. A representative plot of this exercise is shown in 
figure 5 while the complete set of data is shown in Appendix C. A value 
judgement as to the goodness of fit is very difficult to make here as we 
have little knowledge about the mean and standard deviation (repeatibility) 
of the G.D. data. Furthermore the scale factor used in such a presentation 
plans an important role in how good looking the comparisons are and in 
fact these figures were blown up from the original G.D. report. In spite 
of these difficulties one observation can be made from this study in 
favor of the "Hide" model. It can be said quite positively that the model 


responds properly to varying concentrations of H20 and carbon dioxide. 
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Since the secondary spike at 4.14 as well as the entire region from 


4.3 - 4.5&M is caused entirely by C02 the functional dependence with 


concentration of this gas can be seen by scanning the figures of 


appendix C. It appears to be nearly perfect for these ranges. The water 


vapor dependence is slightly harder to see due to the poor quality of the 


reproduction, however, the absorption in the dense region fram 3-3.54 


is due entirely to Hogs Al*+hough the two curves are almost indistinguishable 


here, the correct trend can be seen particularly at the longer ranges. 

Thus although definite conclusions cannot be drawn from the limited 
data available some confidence can be obtained in the "Hide" atmosphere 
from this study. 


2.7 Yates and Taylor Data Comparisons 


Yates and Taylor at the Naval Research Laboratory in Washington under- 


took to study and compile data relating to atmospheric transmission in 
real atmospheres. The data was taken under a wide variety of weather 
conditions and for extremely long path lengths of from 3.4 to 10.1 
statute miles. The results of the study are a series of plates or 
curves of relatively high resolution extending from .54 to Lb A. 

For validation purposes the Hide atmospheric model was compared with 
the Yates and Taylor data and presented in Appendix D. 

In Appendix D two sets of curves are presented to show the effects 
of the optimum best fit scattering functions described in section 2.5 
v.s. the general scattering function. The optimum function is decidely 
better for all plates except plate 11 where because of the short range 

PS ne oe 

scattering is neglegible. ea 


In looking at these plates several things should be noted. 
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1) The major windows 


Ay = bey 
Be 2 ek 
2.7 : 30 
6.0 4 - 15.0 p 


are well defined and show good agreement between the two models. 

2) As can be seen from fig. (1) water vapor accounts for most of the 
strong absorptions in the Yates and Taylor measurements above 10 p. The 
Hide model contains no H20 in this region and thus the bad fits 
in the high wavelength regions are expected. 

3) Although the major gasses have been included in the Hide model there 
are others present. Some of these along with their major absorption 
bands are shown in fig. (1 ). 

4) The resolution of Noo and 0, shown in Appendix C is relatively low 
compared with H20 and C02. 

5) There could be large fluctuations in gas concentrations along the 
paths since the distances considered by Yates and Taylor are so long. 


In light of the above remarks the agreement between Hide and Yates and 


Taylor data is considered to be quite good. 
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3.0 EMISSION MODEL 

For purposes of computing the emission spectrum, the plume is considered 
to be composed chiefly of Water vapor amd carbon dioxide. Knowing the trans- 
missions of these rases, the emission may be computed as: 

E= |- eo, "Tho 

These transmissions have been computed as functions of temperature dependent 
data by Jackson and Ludwie and are summarized in the following sections. 
For a determination of the accuracy and origin of this emission model /fig- 


ures], 2 should be referred to. 


361 HO Ludwig Transmission Equations 


The transmission model of Ludwir is described mathematically as follows: 


YT = mr (40/7 + Kufia) 
Az (.5/d) Pe Vieyp CC YE /z *.1)+.180-C)) 
C =Mole fraction 
T = Temp OK 
To= Ambient Temp °K 
Pi= Total pressure (atmospheres). 
d = EXP (-,0016T + 1.21) 
U=P, CL 273 
L = Path length (CM ) 
K = Absorption coefficient which is temperature and 
wavelength dependent and can be found tabulated in 
Appendix E, 
Hide uses a second order collocation polynominal to interpolate between 
300°K and 1000°K and a third order polynominal to interpolate between wave- 


numbers to the desired wavelength. 
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An example of the results of this double interpolation is riven in 
Fieure 2? which shows the transmission data of H20 for the temperature ranre 
300°K to 1500°K, This table arsrees with Ludwirs data at 300°, 400°, 
and 1000°K as it must and varies smoothly between these points. The error 
between this interpolation ami the true function "f" at the temperature "'T" 


as siven in elementary numerical analysis is: 


Q) 
E(T) = f(g) (T-300) (T-600) (T-1000) 
(3) 


Where f ({ ) is the third derivative of the true transmission at some temp- 
erature ({ ) between 300°K and 1000°%, 

It is interestine ani important to note that this fimction blows up 
beyond 1000°K and should not be used as an extrapolation routine here. How- 


ever, the expected temperatures are below 1000° and will cause no problems. 


3.2 CO5 Ludwir Equations 


1 


For the rancre 3000-3770 cm ~ (500-800 a), the Carbon Dioxide trans- 


mission model is due to Ludwir. The equations are: 


T = EXP (-kKU/ Fi + KU/4A ) 
U=PRo* Pe PL* 273/77 


P = Pressure atmospheres 
PPCO5= Partial pressure Cg_ 
PL = Path length 
si temperature *< 
A,K are given in tabular form in Appendix F as a function of 
temperature and wavenumber, 
To intervolate between wavenumbers, a third order collocation polynominal 


is used, whereas temperature interpolations between 300°K and 1200°K are 
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accomplished using a second order polynomial. Figure 4 and 5 show some 


data derived by this interpolation process. The numbers agree at the tabu- 
lated as they must and vary smoothly between data points. 
3.3 CO. Jackson 

The CO, transmission model used for the range 2050-2400 en is due to 


Jackson, This model is described as follows: 


2 sss Qjj‘' 
, =P | at 3. (/2 + (R,/R,,)* L/x - 1] 


Ry 


Where: 


Py pressure in atmospheres 

gq = 15 5 [ 300/r 

T = temperature (atmospheres) 

L, = 2.PPogo Py 

PPogo = Partial pressure 

FR = Path length 

RK and RA are given in tabular form in Appendix G as a function of 
temperature and wave number. A third order interpolation routine is used 
here to interpolate between temperatures. An example of this interpolation 


is shown in Figures 6, 7. 


: to 2500 on an extrapolation 


To obtain data for the range 2400 cm 
procedure due to J. Goodell was used. It consists basically of extrapolating 
out to 2500 em using a linear function based on end points of the Jackson 
data. The equations used are: 

IN(Y) = IN(Y) 539 (Y — -2380) (LN(Y).,, 66 

2400-2380 


-LN(Y) 3.86 


IN(Y) 945, = R, or R, at 2380 


LN(Y) R, or R, at 2400 om 


2400 — 
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UNCLASSIFIED 
3.4 Ludwig CO 500-800 em@} 


The transmission model of Ludwip for the range 500-800 on™! is given 


mathematically as follows: 
TY = EXP (-U*K) 


U = (PP,.5) (BR) (L) 273/7 
PPCO, = Partial pressure CO, 


PL = pressure atmospheres 


L = Path length (cm) 
T = temperature °K ° 
K = absorption coefficient which is temperature ani wave- 


length dependent and can be found tabulated in appendix H. Hide uses a 
second order collocation polynominal to interpolate between 300°K and 
1200°K, hence, the interpolated numbers arree at the tabulated values and 


varv smoothly between them as shown in Firure 8. 


3.5 Spectra Comparisons 

The validation of the emission model was quite difficult as no experi- 
mental data was immediately available as in the transmission model, amd it 
is expected that confidence in this program will only be cbhtained after 
several valid signatures have been computed, In the plume region 4-5M , 
however, it is possible to make a direct comparison between the emission 
and transmission models at 300°K, This region is important for the models 
must match up here or bad estimates will be obtained for the plume predic- 
tion, Figures 9-13 represent the results of this study which are considered 


to be quite food, 
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Another co, emission model has been proposed for this region by Ludwig 
as shown in Appendix I. This model was also run off against the "HIDE" trans- 
mission and is shown in Figures 14-17. Neither model shows an exact matchup 
and the final choice for the "HIDE" model was decided on the basis of the 
better signature generated which was due to Jackson, 

3.6 Plume Radiation Validation 

The Infrared Evaluation of a UH1H Helicopter, by General Dynamics, Ref.1, 
presented the results of some flight tests to measure the radiation from 
helicopters under varying meteorological and operating conditions. The end 
product of these tests appears as a series of graphs of Radiant intensity vs. 
wavelength for various aspect angles. To gain some confidence in the "HIDE" 
increased resolution models several of the G.D. plots were selected to form 
a signature and compared directly with the HIDE predictions. Excellent 
correlation was finally achieved after many iterations and the best of 
these predictions will be presented in this section, The actual methodology 
or engineering used to obtain such good validation will be explained in 
detail in another report on sensitivity and error analysis, Ref. 2, as it 
illuminates many important facets of the "HIDF" program. 

For security reasons, no description of the test conditions, the heli- 
coptor, or even the scales of the graphs will be included in this report. 

This data may be obtained from the G.D . report referenced earlier, Sec. 2. 

Figures 18-21 show the results of this study, four spectral plots of 
Radiant Intensity vs. wavelength for approximately co-altitude look angles 
of 13)”, 196°, 270°, 312°degrees. These angles are measured clockwise looking 
down on the helicopter with zero degrees being head on. The HIDE output was 


traced in heavy black ink to make it distant from the G.D. original. 
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Although the wavelength band over which the "HIDE"»program was 


exercised is,small it represents IR contributions from all the major 
sources, i.e, tailpi»e, boomheating, and plume radiation. In the region 
about 4.07 p the transmission of water vapor and carbon dioxide is 


approximately unity, and thus *he IR emission 


hot plume gasses 
must be zero (emmisivity =]. -— transmission). Hence from 4.05 pB 

to 4.13 p the energy is due purely to the blackbody sources, and when 
viewed from all aspects a perfect match between measurement and 
prediction confirms the validity of the mathematical model. The double 
spikes at 4.2 and 4.4 pt represent the IR emmission from the hot carbon 
dioxide in the plume. Two things are of interest here in comparing the 
measurements and predictions. First of all the structure of the curves 
(excluding the magnitudes) is important in validating the emission 

and transmission models. They are widéty varying in the region and must 


complement themselves exactly in order to obtain the proper shape of the 


radiance. ondly the energy under these curves represent a good test 
for the plume velocity and temperature distribution models. Thus it 


can be seen that firuges 18-21 are somewhat favorable to the "HIDE" 


program, For a more complete validation study the report on Error and 


Sensitivity analysis of the Hide Program March 1974 should be referred 


to. 
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APPENDIX A 


ATMOSPHERIC TRANSMISSION SOURCES 


The Infrared Absorption of water vapor, carbon dioxide, ozone and 
nitrous oxide as compiled for the high resolution transmission model is 
given in this Appendix. For water vapor and carbon dioxide the actual 
values of transmission are presented along with the title page of the 
report from which they were extracted, whereas for 0, and N,. the 


ral 


coefficients A of the transmission equation: 


T. = eid 
32 
q = quantity of absorber 
T = transmission at wavelength i. 
are listed. 
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absorption coefficients of 03 and Noo: 


These numbers were obtained by curve fitting in the least mean 


Squares sense the data found in: The Handbook of Military Infrared 


Technology; T.L. Altshuler, “Infrared Transmission and Background 


Radiation by Clear Atmosphere," General Electric Document, 61SD199 (1961). 
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APPENDIX B 
Hoo and CO2 Transmission Data as Used in 


the "Hide" Program 


This Appendix presents the water vapor and carbon dioxide data as 
extracted from Wyatt Plass and Stull, for use in the "Hide" program. 
The data is listed in tabular form as a function of wavenumber (cu7+) 
and quantity of absorber, The numbers under columns A and E are the 


coefficients of the curve fit: 


T = exp (“Aq7») 


as explained in Section 2.2. 
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APPENDIX C 


ATMOSPHERIC VALIDATION (GENERAL DYNAMICS) 


In this section the results of a validation study described in 
Section 2-6 are presented. The original transmission curves were obtained 
by General Dynamics and described in a report for the U.S. Army Aviation 
System Command (AMCPM-IKCM), St. Louis, Missouri,titled "Infrared Signature 
Evaluation of a UH-1H Helicopter With and Without Radiation Suppression 
(June 1972). 

The "Hide" transmission model was plotted over these curves with a 


smal] "*" every .3 inches for a direct comparison. 
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APPENDIX D 
YATES AND TAYLOR VALIDATION DATA 
The data obtained experimentally by Yates and Taylor working for the 
Naval Research Laboratory in Washington is presented in this section overlayed 
with the Hide model prediction for validation purposes, The data was taken 
under seven different weather conditions and ranges from .5n to 13 np. 


It is plotted in the following figures as a light smooth line. The Hide 


| 
predictions are plotted as heavy dark lines with "x's" every .3 inches. ) 
With the exception of Plate #11, two graphs are presented on each page; i 
one is plotted with the optimum scattering function discussed in Section 2.5 / 
| 


and one with the general scattering function also described in Section 2.5 


This general function has the form: 


emi (oA) 


whereas the optimum takes the form 
se ae -B 
a = EXP (=A A” ) 


A,B,C are given under the measurement conditions for each plate. 
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This appendix presents the Hot water Emission Data as given dn 


this report: 


, 


5. Ludwie, Measurements of the Curves of Growth of 
ot Water Vapor, Applied Optics, May 1971, Vol. 10. 


The data is piven as a function of temperature and wavenumber in tabular 


fori. The equations utilizinr this data are civen Section 3.4. 
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APPENDIX F 
Carbon Dioxide emission data for the range 3000-3770 a>, 
This appendix presents the carbon dioxide emission data as given 
in the report: 

Ludwig, C.2., "Tables of Carbon Dioxide Absorption Coeffi- 
cients" as obtained in private conversations with Dr. Ludwig 
when he was at General Dynanics. 

The data is given in tabular form as a function of temperature and 


wavenumber. The equations utilizine these numbers are civen in Section 


3.2. 
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APPENDIX G 
Carbon Dioxide Emission data for the range 2050-2500 on, 
This appendix presents the Carbon Dioxide emission data as civen 
in the report: 

Jackson, H., Tracey, "A Model for the Spectral Emission 
of Carbon Dioxide in the 4.3M@ Bani", Report No. RE-Th- 
69-9 April 1968, U.S. Army Missile Command, Fedstone 
Arsenal, Alabana. 

The data is civen in tabular form as a function of temperature 


amd wavenwiber. The equations utilizing these nw bers are feiven in 


Section 3.3 


G-1 


UNCLASSIFIED 


WAVE 
NUMBER 
(1/CM) 


2050. 
2055-6 
2060. 
2065.6 
2070-6 


2075.6 
2080. 
2085. 
20906 
2095. 


2100. 
2105. 
2110. 
2115. 
2120.6 


2125. 
21306 
2135. 
2140-6 
2145.6 


2150. 
2155. 
2160. 
2165. 
2170. 


2175. 
2180. 
2185. 
2190. 
2195.6 


22006 
2205.6 
2210.6 
22156 
22206 


3006 


2e60E-03 
4-89E-03 
8.01E-03 
1640E-02 
1-87£-02 


2e02E-02 
1-65E-02 
1-08E-02 
6¢310-03 
3e21E-03 


1-81E-03 
1-33E-03 

05 5E-04 
6e95E-04 
5 065E-04 


5e13E-04 
4e8K8E-04 
4-80£-04 
4e TBE-04 
4eB2E-04 


4eILE-04 
5e05E-04 
5e22E-04 
5e47E-04 
5e81L-04 


6e28E-04% 
6695E-04 
7e83E-04% 
9e01E*04 
1¢06E-03 


1628E-03 
1¢69E-03 
2045E-03 
4e28E-03 
7e95E-03 


® 


UNCLASSIFIED 
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6006 


4eB80E-04 
7eQ0E-04 
1-03E-03 
Leate-09 
1-89£-03 


2e08E-03 
1e99E-03 
lel QE-03 
1263E-03 
°52E-03 


1e¢47E-03 
1e41F-03 
1e26E-03 
1-07E-03 
8e82E-04 


Te 3€E-04 
6e56E-04 
Tell E-04% 
7e30E-04 


7Te52E-04 


Te81E-04 
8e1l6E-04 
8e56E-04 
9e16E-04% 
1eC1E-03 


1e18E-03 
1646E-03 
PeGlE=03 
2«60E-03 


Fe TE=03 


2074E-02 
4e54E-02 


TEMPERATURE 


Acoz 


(DEGREES KELVIN) 


900-6 


3240E-04 
4.50E=-04 
5e72E-04 
7053E-04 
9e5STE-04 


1.15€-03 
1-30E-03 
1644E-03 
Leo te=03 
Le f7E-03 


2-10E-03 
Ze SDE —O3 
2232E-03 
2-08E-03 
1-70E-03 


1640E-03 
1.38E-03 
Pe5 3-03 
le 73E-03 
1.95E-03 


2e20E-03 
2047E-03 
2678E-03 
3e25E-03 
4.03E-03 


5 e68E-03 
8.82E-03 
1-40f-02 
2e18f-02 
3034E-02 


5e00E-02 
7e20E-02 
1e00E-01 
1-41E-01 
2e02E-01 


12006 


4.10E-04 
5-20E-94 
6.37E-04 

e23E-04 
1.06E-03 


1.34E-03 
1.66E-03 
2-04E-03 
2254E-03 
2e81E-03 


2665E-03 
2-30E-03 
1-89E-03 
1.86E-03 
2246E-03 


3252E-03 
4.98E-03 
6c 1LE=03 
J esse-03 
1.31E-02 


1.82E-02 
2.52E-02 
3243E-02 
4.63E-02 
6-16£-02 


8.20E-02 
1.09E-01 
1.43E-01 
1-88E-01 
2e46E-01 


Sei 56=O% 
3e97E-01 
4.92E-01 
6-01E-01 
7e28E-01 


G-=2 


UNCLASSIFIED 


1500-6 1800-6 


8e20E-04 5e70E-03 
1.-08E€-03 7e20E-03 
1.37E-03 9e08E-03 
1.77E-03 1e1l4E-02 
2e28E-03 1e42E-02 


2e95E—-O3 Le 75E-O2 
3e81E-03 2e13E-02 
4960-03 2058E-02 
6e¢41E-03 3e08E-02 
Sa2Ze—03' Be65E-92 


1.06£-02 4628E-02 
1.36E-02 5e01E-02 
1.73E-02 5e86E-02 
2e21f-02 6e86E-02 
2e80E-02 @605£-02 


3e51E-02 9e61E-02 
4e38E-02 1e15E-01 
5e46E-02 1¢37E-O1 
6073C-02 1+¢63E-01 
8270-02 1¢92E-O1l 


1.01E-01 2625E-01 
1.24E-01 2062E-01 
1.53E-01 3e06E-01 
1.88E£-01 3655E-01 
2e28E-01 4e07E-01 


2e76E-0O1 4e67E-O1 
3e32E-01 5636E-01 
32295E-01 6013E-Ol 
4e70E-01 7-00E-01 
5e58E-01 7293E-01 


6656E-01 8693E-01 
7e67E-01 1¢00E-00 
8.88C-01 lellE-00 
1.01E-00 1¢23E-00 
1.16E-00 1635€-00 


21006 


2660E-02 
3e00E-02 
3056E-02 
4e12E-02 
4e76E-02 


5e47E-02 
6e28E-02 
Ta2lLE=02 
8e30E-02 
9e51E-02 


1e08E-O1 
1-24E-01 
1641E-01 
1-¢60E-01 
1-81E-01 


2e05E-01 
2eGlE=O1 
2e61E-01 
2e93E=O01 
30 32E=01 


3e73E-01 
4e18E-O1 
4.68E-01 
5e22E-01 
5e80E-01 


6e42E-01 
7-10E-01 
7e82E-01 
8-57E-01 
9232E-01 


1-00E-00 
1-08E-00 
1-17€-00 
1-26E-00 
1-36E-00 


ee 


A hh cena et 


WAVE 
NUMBER 
(1/CM) 


22256 
22306 
22356 
22406 
22456 


22506 
22556 
22606 
22656 
22706 


22756 
22806 
22856 
22906 
22956 


23006 
23056 
23106 
23156 
23206 


23256 
23306 
23356 
23406 
23456 


23506 
23556 
23606 
23656 
23706 


23756 
2380.6 
2385-6 
23906 
23956 


24006 


300. 


1-60E-02 
3e10£-02 
5eT7T1LE-02 
9.84E-02 
1-56E-01 


2e32E-01 
3e15E-01 
3e93E-01 
4.63E-01 
5e21E-01 


6e17E-01 
TeIDE=-Q1 
1-17E-00 
1-84E-00 
2e89E-00 


4-40E-00 
6.36E-00 
8.72E-00 
LelLIE+01 
1¢34E+01 


1-53E€+01 
1e67E+01 
1e75E+01 
1-76E+01 
1.74E+01 


1673C+01 
1e81E+01 
1e95E+01 
2e09E+N] 
2e1l1E+01 


1e82E+01 
LeOLE+O) 
1e-19E-00 
2e97E=-01 
9275C-02 


5e01E-02 


600-6 


7¢54F-O2 
1.22E-01 
1-85E€-01 
2e66E-01 
3e65E-01 


4286-01 
6e30E-01 
7e98E-O1 
1-00E-00 
1-26E-00 


1-63E-00 
20e20E-00 
3e05£-00 
4e32E-00 
5283E-00 


7e42E-00 
9218E-00 
el2E+01 
eS TE+O1 
1e46E+01 


1e51E+01 
Le42E+O1l 
Le27E+O1 
LTellE+O)] 
1-03£+01 


lellE+0O1 
1-32E+01 
1-56E+01 
YeflE+O) 
1-80C+01 


1¢60£+01 
Te20E-00 
2054E-00 
9e9TE-01 
2e6iC-Ol 


7e50E-02 


UNCLASSIFIED 


TEMPERATURE 


® 


Acoz2 


(DEGREES KELVIN) 


9006 


Fe TSE-O1 
1.22E-00 
1-53E-00 
1-90C-00 
2¢36E-00 


2e89E-00 
3-52E-900 
4e25£-00 
5e10E-00 
5-96E-00 


6e77£-00 
7e44E-00 
7290C-00 
8.16E-00 
8e25E-00 


8-18E-00 
Te97TE-00 
7- 70E-00 
7e45£-00 
7¢43E-00 


7e87E-00 
8.85E-00 
1-00€+01 
1-010+01 
G9e50£-00 


7283E-00 
6-00E-00 
3245E-00 
1-70tr-00 
3e62E-01 


1-00£-01 


1200. 


8.76E-0} 
1-04E-00 
1.24E-00 
1-46E-00 
1.71E-00 


1-98E-00 
2«28E-00 
2e60E-00 
2.93E-00 
Jee TE~O0 


3.61E-00 
3.94E-00 
4.25E-00 
4.53E-00 
4.76E-00 


4.95E-00 
5.07E-00 
5214C-00 
5.16E-00 
5214E-00 


5212E-00 
5.08E-00 
5.08E-00 
5-10E-90 
5 TOE=00 


5 e27E-00 
Sea O0 
5-33E-00 
5e11£-00 
4.90E-00 


Sa7LE=00 
3207E-90 
2e19E-00 
1.20E-00 
Ge9SE-01 


1.50E-01 


G-3 


UNCLASSIFIED 


1500. 


1.31&-00 
1.46E-00 


3612C-00 
3226E-00 
338E-00 
3.48£-00 
3255E-00 


3600-00 


3259£-00 
3576-00 
3256E-00 
265 3E=00 
3e92E-900 


3500-00 
3643E-00 
3-28C-00 
3.05£-00 
2e69E-00 


2-e28C-00 
1.77E-00 
1¢35L-00 
7e80E-01 


3e81E-01 


1.50C-01 


1800- 


1¢48E-00 
1.-61£-00 
1.74E-00 
1¢86E-00 


1.99E-00 


2e11E-00 
2e22E-00 
2e32E-00 
2e41£-00 
20e49E-00 
2eS5E-00 
2e61E-00 
2265E-00 
20e69E-90 
2e70E-00 


2e71E&-00 
2e70E-00 
20¢69E-00 
2e67E-00 
2065E-00 


2e64E-00 
2e6i£-00 
2e57£-00 
2653E-00 
20e465£-00 


2e40E-00 
2029E-00 
20126-00 
1694E-00 
1667E-00 


1e41E-00 
1.05E&-00 
Be 2—E-ol 
4e80E-91 


3e21E-01 


1¢30E-0O1 


21006 


1+645E-00 
1.55€-00 
1¢64E-00 
1-72E-00 
1-80E-00 


1-87E-00 
1¢93E-00 
1-98E-00 
2-03E€-00 
2-06E-00 


2-08E-00 
2-10E-00 
2116-00 
2¢12E-00 
2e12E-00 


2-11€-00 
2-e10E-00 
2-07E-00 
2205E-00 
2-01E-00 


1699E-00 
1-95E-00 
1-90E-00 
1¢85E-00 
1-76E£-00 


1-69E-00 
1¢59£-00 
1243E-00 
1-29E-00 
1-09E-00 


8.50E-01 
6e50E-01 
4-50E-01 
2e00E-01 
1e75E-01 


1-¢00E-01 


UNCLASSIFIED 
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of Temperature 


CéeKk 


eet nt et mca 


WAVE TEMPERATURE 

NUMBER (DEGREES KELVIN) 

(1/CM) 3006 6006 9006 12006 15006 18006. 21006 
20500 4e60E-02 6e60E-02 1633E-O1 34635EF-O1 7690E-01 2e90E-00 8¢90E-00 
2055¢ 4.90E-02 7eOOE-O02 1e37E-O1 34652E-01 B8e85E-Cl 3e29E-00 9e39E-00 
206066 “de 25E-02 TeH5OF-O2 1Le49E-O1 3476E-91 eCOE-90 3e60E-00 12¢00E+01 
2065 Fe68E-02 Be ODE-O2 1e59E-01 3692F-9)] 1613-99 4e0DE-00 1e07E+0O1 
20705. 6e00E-02 Be42E-02 1668E-O1 4elOE-O1 16286-00 4e40E-00 1613E+01 
207T5- 6e31E-02 8e81E-02 Le 7T6E—0O1 4e31E-01 1645F-00 4e81E-00 1-19E+01 
2080. 6eb7EH02 9256-02 1.634E-91 4.656E-01 1.63E-09 5e23E-00 1625E+01 
2085 7eOGE-02 LeOlLE-O1 2-06E-O1 4e31E-01 1.84E-00 5e66E-00 1631E+01 
20900 7e42E-02 1Lel9E-O1 2056E-O1 5e07E-01 2.06E-ON 6e1DE-00 1e37EtOl 
20956 Te flE=O2 1e42E-9i 3e23E-01 5 e47E-01 2a 30E=90 6«55E-00 1¢42E+01 
2100. 7eB89E—92 1e67E-O1 2695E-O1 6e00E-91 2654E-90 7e00E-00 1647E+01 
2105 SBeO1lE-02 1eB87E-O1 4e58E-0O1 G6e71E-0] 2678E-00 7e45E-00 1652E+0] 
21100 S8el3E-02 2-01E-01 5eCOE-01 7.6CE-01 3.04E-00 7e9NE-00 1-57E+01 
Z1L15¢ 8e25E-02 2e1CE-O1 5e29E-01 8.62E-01 34630E-00 8433E-00 1662E+01 
212056 G8e40E-02 2619F-01 5658E-01 9673E-01 3¢59E-00 8e76E-00 1¢66E+01 
21250 8540-02 2e275-01 5e86E-01 14609E-090 3489E-00 9518E-00 1+70E+01 
21306 8668E-02 2635F-O1 6e12E-01 1424E-09 4.619E-00 9e60E-00 1675E+01 
2135¢ 9e82E-02 2643E-0) 6e38E-O1 1641E-90 4659E-00 1-0NE+01 1¢78E+01 
2140-0 8eF77E-32 2e5GE-J1 Ge66E—901 1e60E-OF 4.85E-09 1eO04E+01 1682E+01 
21456. Se12E-02 2658E-01 6699E-01 1¢80E-00 5e22E-00 1eO8E+O1 1¢86E+01 
21500 %e23E-02 20666E-01 7e40E-01 2-01E-00 5663E-00 1e1l2E+01 1-90E+01 
21556 %e44E-O2 2eTTE-O1l 7e96E-O1 2625E-00 6606E-00 Le lGEt+Ol 1694E+01 
21606 9650E-02 2¢95E-O01 Be 7TTE-O1 2e51E-00 6648E-00 1e20E+01 1-98E+01 
21656 %e7T4E-O02 3e21E-O1 %eB81E-O1 2681E-00 6691E-00 1e25E+O1l 2e01E+01 
21700 %e687E=02 3655E-Ol LellE-00 3615E-00 7e35E-00 1e30E+O1 2¢03E+01 
2175*¢ 1eMOOE=“O1 369CE-O1 1¢25E-00 3651E-90 7e¢80E-00 1¢34E+01 2-04E+01 
21800 LeOZE-01 4e22E-O1 1e4CE-00 34691E-00 8626E-00 1e39EtO1 2e05E+01 
2185~e 166060-01 4e54E-01 1655E-00 4635E-9C Be 75E-00 1¢43E+01 2-05E+01 
219006 LelZE-Ol 4e9CE-O1 Le 72E-00 4e41E-00 9e27E-CO Le47E+O] 2e06E+01 
Z19De §=Le20E-O1l Se31E-O1 1e90E-00 5630E-N0 9e86E-00 1e51E+Ol 2-08E+01 
22000 lLe2SE“01 Se81E-01 2610E-00 SeB1lE-00 1e05E+01 1¢56E+01 2e10E+01 
22056) «=1e40E“01 Ge37TE-O1 2e31IE-—N0 6e55E-00 Lel2E+O1 1Le60EHOL 2013E+01 
22106 3 1Le52E-01 SeITE=01 2054E-00 Se9DE=$00 1LelPE+O] 1Le64E+Ol Jel 7E+O1 
22156) Le G7TEHAO1 7064E=-01 2cTIE-00 7646E-00 Le26E+°1 1Le68E+O] 2e21E+01 
22206 LeB87E=“01 Be4OE=“01 3e02E-00 BeO2E=-00 1e33E+O1 Le 7T2E+O1 2e25E+01 

G=4 


UNCLASSIFIED 


WAVE 
NUMBER 
(1/CM) 


2225. 
2230. 
2235. 
2240.6 
22456 


2250-6 
2255. 
2260.4 
2265. 
2270. 


2275. 
2280. 
2285. 
2290.6 
2295. 


2300. 
2305.6 
2310.6 
2a1 56 
23206 


23256 
2330. 
23356 
23406 
23456 


23506 
25556 
23606 
2365. 
237C. 


23756 
2380.6 
2385.6 
2390. 
23956 


2400.6 


3006 


2el17E-01 
2065E-Ol 
3-34E-01 
Ge31E-01 
5e51E-01 


6693E-01 
8e50E-01 
1e01E-00 
1e19E-00 

e38E-00 


1-58£-00 
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APPENDIX H 


Carbon Dioxide Emission Data for the range 500-200 Pa 


This appendix presents the Carbon Dioxide Emission data as 
contained in the report: 
Ludwip, C.R., "Tables of Carbon Dioxide Absorption 
Coefficients", obtained from private communications 
with Dr. Ludwig when he was at G.D. 


The equations utilizine this data are presented in Section 3.2. 
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APPENDIX I 


enmission model for the COs 1900-2395 ems 


band. 

The Ludwig model is included in this report as at one time it 
was under consideration for use in "HIDE", It was foumi, however, 
to be slightly inferior to Jackson for plune predictor comparisons and 
thus was not used, 


The transmission equation of Ludwig is defined as: 


= EXP(-KU/ [+ KU/LA) 


U = PP oO. * P x PL * 273/T 

P = Pressure (at: ospheres) 

rr co, = Partial pressure (carbon dioxide) 
PL = path lencth 

T = temperature °C 

A,K from tables in this appendix. 

To detervine A,X in steps of 5 en@4 as required by "HIDE" for this 
band a third order collocation polynoninal was used. In order to inter- 
polate between temperatures, a second order quadratic was passed throuch 
the 300, ©00, 1200 °K points. Thus, the "HIDE" A,K apree exactly wit! 
the Ludwir data at the tabulated values and varies smoothly between 
them. 

The data itself comes from a report by Ludwig, C.R., titled "Table 


of Carbon Dicxide Absorption Coefficients", obtained from private conmuni- 
cations with Dr. Ludwie when he was at Ceneral Dynanics, 
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APPENDIX J 
Scattering Function 


This section will attempt to present and explain the results of a 
study to determine the proper form of the scattering function to be used 
in Hide. 

Most references on the subject give the form of the scattering function 
to be: 

T, = EXP (-AR ) ~) 
where: 

» is wavelength in microns 

A & B are constants dependent on meterological conditions such as 

visual range and scattering particle size and concentration. 

R is range. 
Rayleigh scattering occurs when the particle size is much smaller than the 
radiation wavelength, and B=4. When B=2, the particle size equals the 
wavelength and is called mie scattering. Finally non selective scattering 
occurs for large particles when B=O, Since the size distribution for the 
important scattering particles lie in the infrared, i.e. Haze and fog 
are distributed around 3-5 p» and cumulus water droplets range from about 
1-15 pr, this becomes a formidable problem and can only be solved exactly 
by knowing the conditions on a given day over the entire path. These 
conditions are hardly ever known so one must use what he believes to be a 
typical real atmosphere, derive the scattering function and hope the 
ensuing errors for a given day are minimal. This then was the approach 
used in the Hide model, that is an "exact" scattering function was 
derived for each of several real atmospheres and the average values of the 


resulting A's and B's were used to define the "typical atmosphere". 
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The "Hide" real atmosphere was defined by Yates & Taylor in their 
work for N.R.L. in Washington, D.C. This project concerned itself with 
making accurate measurements of transmission over varied weather conditions. 
Data was then taken by Westinghouse off these curves at selected wave- 
lengths falling within each of the eight major windows. This information 
was then fed into a computer program which upon dividing by the Wyatt 
Plass and Struel transmission was able to come up with a value of 
scattering at each wavelength. These scattering values were then used 
to perform a least squares curve fit to the function: 

T, = EXP(-AR \~) 
The results of this exercise are shown in figure 1. The meterological 
conditions under which Yates and Taylor recorded their measurements for 
each plate are given therein as: 

RM = range in KM 

RV = visual range in KM 

Temp = ambient temp (°F) 

RH = relative humidity 
The data shown under the column headings "WV", "Trans", "SCAT" are the 
wavelength at which the data was transcribed, the transmission read off 
the curves, and the calculated value of scattering respectively. A and BR 
are given as the results of a curve fit to the presumed scattering function: 

lg EXP(—AR AW), 
and the error shown is the sum of the squares of the difference between 


the actual and calculated values of scattering. An attempt was then 
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carried out to determine whether or not A & B were corallated to temperature, 


relative humidity, absolute humidity, and visual range but no significant 
results were obtained. More data and a rigorous statistical analysis 
possibly would show some relationship but time did not allow and it is 
recommended that this be done in the future. 

The average value of B is approximately 1 which determines the 
wavelength dependence of the scattering function. Since the value of A 
depends on B it would not be fitting to use an average value of A as 
typical. Instead since at .55 m all the transmission is considered to 
be due to scattering and is related to visual range, a known quantity is 
a given day, A was adjusted to given an exact fit at this wavelength. 

Hence the scattering function used in the Hide model is 

T, = EXP(~4 AW") 
where A = f (visual range). 

The Yates and Taylor data is shown in Appendix D with the Hide 
transmission plotted in a heavy line over it for comparison. The top 
figure on each page is the optimum scattering function using the 
individual A & B's of figure 1 whereas the bottom figure is plotted with 
the Hide transmission. Using this as an error measure the Hide general 


function works fairly good. 
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